Abstract
Introduction
.
23
Ecosystem Network Analysis (ENA) is a branch of network ecology that has been used to address 24 a range of key ecosystem questions Fath & Patten, 1999; Ulanowicz, 1986) . For "What limits food-chain length?" (Ulanowicz et al., 2014) and "Are food webs modular?" (Allesina 29 et al., 2005; Borrett et al., 2007; Krause, 2004) . Hines et al. (2012) used ENA to quantify the relative 30 importance of coupling between biogeochemical processes (e.g., nitrification) in the Cape Fear River 31 estuary sedimentary nitrogen cycle. Further, scientists have used ENA to investigate differences in 32 urban sustainability (Bodini & Bondavalli, 2002; Bodini et al., 2012; Chen & Chen, 2012; Zhang 33 et al., 2010) . Collectively, this work consistently shows the power of a transactional network to 34 generate unexpected ecological relationships that then influence the system function and evolution 35 (Jørgensen et al., 2007; Patten, 1991; Ulanowicz, 1997) .
36
enaR is an open-source software to facilitate ENA. The currently available ENA software pack-37 R is available from within R (e.g., edit(f unction name)). In addition, enaR development is being 48 managed via GitHub (https://github.com/TheSeeLab/enaR) to encourage collaborative devel-49 opment. The third design objective was to enable enaR users access to network analysis tools from 50 other disciplines. To enable this, enaR was designed to work directly with two existing R network 51 analysis packages: network (Butts, 2008a) and sna (Butts, 2008b) . In summary, the aim of the 52 enaR package is to make ENA tools more available and easier to use, adapt, and extend.
53
In this paper, we present an overview of enaR and highlight some of its functionality. A full 54 description of the ENA algorithms and their use and interpretation is beyond the scope of this short 55 paper, but we refer interested readers to a selection of reviews as an entry point to ENA (Fath & 56 Borrett, 2006; Fath & Patten, 1999; Jørgensen et al., 2007; Schramski et al., 2011; Ulanowicz, 1997) .
57
For a more comprehensive description on how to use the enaR package, please refer to the package 58 vignette: http://cran.r-project.org/web/packages/enaR/vignettes/enaR-vignette.pdf.
59
I N -P R E S S object defined in the network package. Given the data elements, users can use the pack function 83 to combine the data elements into the R network data object. While a standard data format for an 84 ENA model does not yet exist, there are two commonly used formats. First, there is the Scientific
85
Committee for Ocean Research (SCOR) format that is the required input to NETWRK (Ulanowicz 86 & Kay, 1991) , and the second format is the Excel sheet formatted data that is the input to WAND 87 (Allesina & Bondavalli, 2004) . The enaR package includes a read.scor and a read.wand function 88 to read in these common data formats (Table 1) .
89

Visualization
90
Visualization of network models can be an essential analytical tool (Lima, 2011; Moody et al., 91 2005). Because enaR is built specifically to use the network package and data type, it is possible to 92 quickly create network plots of the model internal structure. Fig. 1a shows an example visualization 93 of Dame & Patten's (1981) Oyster Reef ecosystem model. The network package includes three 94 network layout algorithms: circle, Fruchterman-Reingold, and Kamada-Kawai. The Fruchterman-
95
Reingold algorithm used here is the default. The R script to generate this visualization is included 96 in the online supplementary information (Item S1).
97
Algorithm Overview
98
enaR includes many of the most commonly used ENA algorithms (Table 2) , along with a number 99 of work flow tools and specialty analyses (Tables 1 and 3 ). The nine primary ENA functions begin 100 with the prefix 'ena' followed by the specific analysis name (see Table 2 ). There are a total of 34 101 functions in the enaR package. Comparison of the enaR package to previous implementations of 102 ENA algorithms (i.e., NETWRK, NEA.m, EcoNet) shows high agreement in function output and significant expansion of the available ENA algorithms (Table S1 online). Scharler & Fath (2009) identify two schools of ENA. The first school is based on the work of Primarily focused on trophic ecology, this approach uses information theory and the ascendency 107 concept to characterize ecosystem growth and development (Ulanowicz, 1986 (Ulanowicz, , 1997 . This work 108 is often referred to as "Ecological Network Analysis" as it predates many other types of network 109 ecology. The second school is based on the work of Bernard Patten at the University of Georgia 110 (Fath & Patten, 1999; Matis & Patten, 1981; Patten, 1982; Patten et al., 1976) . Steeped in dynamic 111 equations, simulations, and systems analysis, this approach developed around the environ concept 112 that formalizes the concept of environment (Patten, 1978) , and has often been referred to as "Net- (Fath & Borrett, 2006) . Presently, the Ulanowicz School algorithms are 115 more limited, including the ascendency calculations (Ulanowicz, 1997) and mixed trophic impacts 116 analyses (Ulanowicz & Puccia, 1990) ; however, we expect the package capabilities to continue to is a typical workflow for ENA.
I N -P R E S S
126
After loading the enaR package, the next step is to enter the model data. Here, we extract the 127 I N -P R E S S model information from the paper and create a vector of node names, the flow matrix (F), inputs 128 (z), outputs (y), and the logical vector indicating whether or not the nodes are living (Fig. 2) . We 129 then use the pack function to create the required network data object. The next step is to apply 130 the ssCheck function ensure that the model is at steady-state, which is one of the assumptions of 131 the flow analysis (Fath & Borrett, 2006; Finn, 1976) . If the model had not been at steady-state,
132
we could have then applied one of four automated balancing algorithms (AVG, Input-Output,
133
Output-Input, AVG2; Allesina & Bondavalli, 2003) to force the model into a steady-state. We then here. More detailed guidance for how to interpret ENA results can be found in previously published 149 literature (Fath & Borrett, 2006; Jørgensen et al., 2007; Schramski et al., 2011) .
I N -P R E S S 3 Value Added Features
There are several features of the enaR package beyond the core analyses that add substantive value 152 for users. In this section we highlight several of these features including a library of 100 ecosystem 153 network models, methods for conducting batch analysis (i.e., simultaneous analysis of multiple 154 models), and connections to other analytical software. 
Model Library
156
To facilitate new systems ecology and network science, we included a library of 100 previously 157 published ecosystem network models with the enaR package. These models each trace a thermo-158 dynamically conserved unit (e.g., C, N, P) through a particular ecosystem. The models in this set 159 are empirically-based in that the authors attempted to model a specific system and parameterized 160 the model to some degree with empirical estimates. While the library includes models used pre-161 viously to test several systems ecology hypotheses (Borrett, 2013; Borrett & Salas, 2010; Borrett 162 et al., 2010; Salas & Borrett, 2011) , and the set has a 47% overlap with the set of models previously 163 collected by Dr. Ulanowicz (http://www.cbl.umces.edu/~ulan/ntwk/network.html), the full set 164 has not previously been collected and distributed together.
165
We tentatively split these models into two classes. The most abundant class is the trophic 166 network models. These models tend to have a food web at their core, but also include non-trophic 167 fluxes generated by processes like death and excretion. The annual carbon flux model for the 168 mesohaline region of the Chesapeake Bay is a typical example (Baird & Ulanowicz, 1989) . The 169 second class of models focuses on biogeochemical cycling. In contrast to the trophic networks, the 170 biogeochemical cycling models tend to have more highly aggregated nodes (more species grouped 171 into a compartment), include more abiotic nodes that could represent chemical species (e.g., am-monia in a nitrogen cycle), have a lower dissipation rate, and therefore they tend to have more I N -P R E S S recycling Christian et al., 1996) . Christian & Thomas's (2003) 
New Connections
202
A third advantage of the enaR package design is that it enables network ecologists easier access to 203 other network tools and analyses that might be useful. The enaR package uses the R network data 204 structure defined in the network package (Butts, 2008a) . This means that network ecologists using directly to their ecological network models. Fig. 1d illustrates applying the betweenness centrality 209 function to the Chesapeake Bay trophic model (Baird & Ulanowicz, 1989) and visualizing the results 210 using a target centrality plot (Brandes et al., 2003) . This analysis highlights the central role of for individual needs and it lets users integrate ENA into a broader workflow in R in a way that is 227 more challenging when using web based tools like EcoNet (Kazanci, 2007; Schramski et al., 2011) .
228
Finally, it lets users have access to other network and statistical analysis tools (e.g., social network 229 analysis) that are already part of R. These benefits come at the cost of having a steeper learning 230 curve (e.g., users must know R), which may make enaR more suited to advanced practitioners.
231
In the near future, we anticipate two initial lines of continued development for the enaR package.
232
The first is to increase the connections between the enaR package and other modeling and analytical 233 tools. For example, we are currently working with colleagues to enable users of Ecopath with Ecosim 234 (Christensen & Walters, 2004) to apply the enaR tools in a seamless way. We are also developing 235 functions to connect between enaR and the R limSolve package for the Lindeman trophic spine (Ulanowicz & Kemp, 1979) . Network model construction tools, 241 such as least-inference methods for building models from empirical data (Ulanowicz & Scharler, 242 I N -P R E S S 2008) and Fath's (2004) algorithm for constructing plausible ecosystems models are also possible 243 enhancements.
244
In conclusion, enaR is an R package intended to facilitate the use and the collaborative develop-245 ment of Ecosystem Network Analysis, a branch of network ecology. This domain is rapidly growing 246 in part because the tools and techniques let ecologists address a wide range of relational questions 247 at the core of ecology. We look forward to seeing new ecological discoveries made through the use 248 of enaR.
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Function
Description Example Reference pack This function lets users combine model elements into a network data object.
None unpack Extracts the individual model elements (e.g., flows, inputs, outputs) from the network data object.
None read.scor Creates a network data object from a SCOR formatted data file. Ulanowicz & Kay (1991) read.wand Creates a network data object from a WAND formatted data file. Allesina & Bondavalli (2004) ssCheck Checks to see if the model is at steady-state. None balance Applies one of four balancing algorithms to a model not at steady-state.
Allesina & Bondavalli (2003) force.balance Runs balancing algorithm as many times as necessary to balance the model.
None write.nea
Writes the model data to the file format used as input for NEA.m. Fath & Borrett (2006) I N -P R E S S Finn (1976) enaAscendency Performs ascendency analysis on the model flows and returns whole-network statistics including the average mutual information, Ascendency, Capacity, and Overhead. Ulanowicz (1997) enaStorage ENA Storage analysis considers how the model fluxes generate the node storage (e.g., biomass) in the system. This function returns the input and output oriented direct and integral storage matrices. Matis & Patten (1981) enaUtility ENA Utility analysis investigates the direct relationships among the network nodes as well as the integral relationships when all of the indirect interactions are also considered. Patten (1991) enaMTI Mixed Trophic Impacts assesses the net relationships among species in a food web. Ulanowicz & Puccia (1990) enaControl Control analysis determines the relative control one node exerts on another through the transaction network. Dame & Patten (1981) enaEnviron Returns the n unit and n realized input and output environs of the model. Patten (1978) I N -P R E S S Fann & Borrett (2012) environCentrality Returns the input, output, and average environ centralities for a matrix. (Dame & Patten, 1981) , (b) network homogenization statistic for 56 trophic ecosystem models (rank-ordered), (c) scatter plot showing the relationship between the ascendency-to-capacity ratio and the indirect flow index for the 56 trophic ecosystem models included in the package, and (d) target plot of the betweenness centrality from social network analysis calculated for the 36 nodes of the Chesapeake Bay ecosystem model (Baird & Ulanowicz, 1989) .
I N -P R E S S
library(enaR) # load enaR package > # --ENTER MODEL DATA --from Dame and Patten (1981) > # node names > names <-c("Filter Feeders","Microbiota","Meiofauna", + "Deposit Feeders","Predators","Deposited Detritus") > # Internal Flows of model, as matrix (oriented row to column) > F <-matrix (c(0, 0, 0, 0, 0, 0, 0, 0, 0, + 0, 0, 8.1721, 0, 1.2060, 0, 0, 0, 7.2745, + 0, 1.2060, 0.6609, 0, 0, 0.6431, 0.5135, 0, 0, + 0.1721, 0, 0, 15.7910, 0, 4.2403, 1.9076, 0.3262, 0) , + ncol=6) > rownames(F) <-names # add node names to rows > colnames(F) <-names # add node names to cols > # boundary flows > inputs <-c(41.47,0, 0, 0, 0, 0) > outputs <-c(25.1650, 5.76, 3.5794, 0.4303, 0.3594, 6.1759 # show analysis objects created $names [1] "T" "G" "GP" "N" "NP" "ns" Figure 3 : Distributions of selected ENA network statistics from the u 100 empirically-based ecosystem models included in enaR. The results are summarized using a histogram showing the distribution of the values of each network statistic between the observed minimum and maximum values. The median, mean, and coefficient of variation (ratio of standard deviation and mean) values are also reported. The network statistics are the number of nodes (n), the connectance (C = L/n 2 ), link density (LD = L/n), pathway proliferation rate (lam1A), Finn cycling index (FCI), average path length (APL), indirect flow intensity (IFI), output oriented network homogenization ratio (HMG.O), output-oriented network amplification ratio (AMP.O), average mutual information (AMI), the ascendency-to-capacity ratio (ASC.CAP), flow-based network synergism (synergism.F) and mutualism (mutualism.F).
